Serotonergic
innervation is believed to inhibit the effects of light on the mammalian circadian timing system. Two anatomical components of this system, the suprachiasmatic nucleus (SCN) and the intergeniculate leaflet (IGL), receive serotonergic input from midbrain raphe nuclei. The present studies use retrograde and anterograde tracing as well as neurotoxic lesion techniques to demonstrate that serotonergic cells in the median raphe nucleus (MR) project to the SCN and that serotonergic cells in the dorsal raphe nucleus (DR) project to the IGL.
Neurotoxic lesions were also used to investigate the effects of selective serotonin (5HT) neuron loss in the MR or DR on circadian rhythm parameters of animals entrained to a light/ dark cycle or housed in constant light. 5HT depletion in the MR, but not in the DR, induces an advance in onset, a delay in offset, and a longer duration of the nocturnal running-wheel activity phase. Circadian rhythm disruption in constant light is also more frequent in hamsters with MR lesions. A second experiment was designed to investigate the relationship between lesion location, 5HT-immunoreactive (5-HT-IR) fiber loss, and behavioral changes. Destruction of 5-HT neurons in the MR causes 5-HT-IR fiber loss in the SCN, which may account for the observed changes in circadian parameters. DR lesions result in 5-HT-IR fiber depletion of the IGL, with no associated changes in the entrained rhythm. The anatomical and behavioral results support the view that a 5-HT projection from the MR mediates 5-HT effects on circadian rhythm regulation in hamsters.
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The hypothalamic suprachiasmatic nuclei (SCN) contain the mammalian circadian clock (Klein et al., 1991) . Photic cues necessary for circadian rhythm entrainment are received by the retina and transmitted directly through the retinohypothalamic tract to the SCN (Stephan and Zucker, 1972; Moore, 1973; Pickard, 1982; Johnson et al., 1988a,b) . Photic information indirectly accesses the SCN through a retinal projection to the intergeniculate leaflet (IGL) of the lateral geniculate complex (Johnson et al., 1988b; Card and Moore, 1989; Harrington and Rusak, 1989; Zhang and Rusak, 1989; Takatsuji et al., 1991; Morin et al., 1992) . The geniculohypothalamic tract, which connects the IGL to the SCN, is not necessary for entrainment but may modulate the effects of light on the circadian clock (Harrington and Rusak, 1986, 1988; Pickard et al., 1987) .
Serotonin (5-HT) cells in the mesencephalic raphe complex give rise to the third major SCN input (Azmitia and Segal, 1978; Moore et al., 1978; van de Kar and Lorens, 1979) and also innervate the IGL (Mantyh and Kemp, 1983; Morin et al., 1992) . Abundant evidence implicates 5-HT as an inhibitory transmitter that modulates the effects of light on circadian rhythmicity. Application of 5-HT or receptor agonists to the SCN block both light-induced phase shifts and FOS protein induction during the subjective night (Shibata and Moore, 1988; Selim et al., 1993; Glass et al., 1994; Rea et al., 1994) . During the subjcctivc day, when endogenous 5-HT release is low (Ramirez et al., 1987; Glass et al., 1992 Glass et al., , 1993 Poncet et al., 1993) , these same pharmacological agents induce circadian rhythm phase advances (Prosser et al., 1990 (Prosser et al., , 1992 Mcdanic and Gillette, 1992; Tominaga et al., 1992; Edgar et al., 1993; Prosser et al., 1993 Prosser et al., , 1994a and decrease endogenous levels of SCN c:fi>s cxprcssion (Prosscr et al., 1994b) . In addition, clcctrophysiological data indicate that S-HT or receptor agonists inhihit the excitatory efccts of light in the SCN (Miller and Fuller, 1990; Ying and Rusak, 1994) and the LGN complex (Mcijcr and Groos, 1988; Ying et al., 1993) . In the absence of 5-HT, cntraincd locomotor rhythmicity persists, but the nocturnal activity phase is cxpandcd. Under constant light (LL) conditions, S-HT-depleted hamsters have longer circadian periods and a greater propensity toward rhythm "splitting" or more severe rhythm disruption (Smalc ct al., 1990; Morin and Blanchard, 199lb; Morin, 1992) . Intraventricular application of the transmitter-specific ncurotoxin 5,7-dihydroxytryptaminc (DHT) indiscriminately eliminates serotonergic innervation of the SCN and IGL (Smale ct al., 1990; Morin and Blanchard, 1991b; Morin, 1992) . This method induces extensive damage to the dorsal raphe nucleus (DR), without producing readily observable changes in the median raphe nucleus (MR) (Smale et al., 1990; Morin and Blanchard, 1991b; Morin, 1992) . The implication has been that DR 5-HT cells regulate circadian rhythmicity. No study, however, has addressed directly whcthcr the DR or the MR mediates the alterations in running rhythm parameters.
Anatomical tract tracing studies conducted in the rat arc incon-&tent in their description of SCN and IGL/LGN innervation by raphe neurons (Conrad et al., 1974; Pierce et al., 1976; Azmitia and Segal, 1978; Moore ct al., 1978; Vertes and Martin, 1988; Vertes, 1991; Sim and Joseph, 1993) . In addition, little effort has been made to differentiate between projections of the DR and the MR. Lack of injection site specificity after tritiated amino acid placement in the raphe complex does not permit definite conclusions concerning the source of SCN or IGL innervation. Despite obvious differences in the data across studies, a general belief has been that the SCN receives its primary serotonergic innervation frdm the DR. This notion has been supported by studies using intrahypothalamic retrograde tracer application, which reveal labeled cells in the DR and to a lesser degree in the MR (Bina et al., 1993) . Retrograde studies consistently demonstrate a DR projection to the LGN (Pasquier and Villar, 1982; Waterhouse et al., 1903) , but the IGL has not been investigated specifically. In addition, no previous studies have demonstrated that individual DR or MR neurons projecting to the SCN or IGL arc serotonergic.
The first goal of the present studies was to describe, using both retrograde and anterograde techniques, the origin of serotoncrgic projections to the SCN and IGL in the hamster. The second goal was to determine the contribution of dorsal and median raphe serotonergic systems to circadian locomotor rhythm regulation. (Fig. 1) . Specific clusters of rctrogradcly lab&d cells within the MR wcrc not evident, but cells were encountered more often in the caudal sections of the nucleus. With the exccption of one cell (case 8) the DR and caudal linear raphc (CLi) were devoid of any retrogradely labeled neurons after SCN injections.
ABBREVIATIONS
Injections of either FG, FB, or CTb in the SCN (n = 6) generally had minimal spread beyond SCN boundaries (Figs. 2,3) , and the number of cells located outside the MR was related to the degree of spread outside the SCN (Table 1) . In cases 11, 15, 17, and 43, the injection site was limited to the SCN, and labeled cells were found almost exclusively in the MR. These injections labeled an average of 9.75 cells in the eight midbrain sections examined, 79% of which were found in the MR. There are an estimated 43 ? Y (n = 6) MR cells afferent to the SCN per brain. Cells labeled outside the MR were found consistently in the ventral tegmentum, and in case 11 the dorsal tegmentum contained cells as well. Slightly larger injection sites (cases 8 and 14) labeled many more cells in the midbrain (mean = 31) 53% of which were found in the MR. In both cases, labeled cells were also found in the central gray, and the largest injection (case 8) labeled cells in the lateral parabrachial nucleus and a single DR cell.
Analysis of retrogradely labeled cells colocalizing 5HT-IR (cases 8, 11, and 14) shows that the median raphe is the only locus of serotonergic cells projecting to the SCN (Table 1, Fig. I ). Approximately 50% of retrogradely labeled cells in the MR also contain 5-HT-IR.
Equal proportions of retrogradely labeled 5-HT-IR cells exist across all sections of the median raphe. Similarly identifiable cells are seldom found outside the MR. The only exception was the single cell in the DR of case 8 that had extensive label spread into the hypothalamus dorsal to the SCN. Retrograde analysis: raphe projections to the IGL Retrograde tracer injected into the IGL labeled numerous cells throughout the DR and other midbrain regions (Table 2, Fig. 1 ). In addition to the dorsal raphe, the most consistent midbrain sites with labeled cells were the superior colliculus, dorsal tegmentum, and caudal parabrachial regions. None of these regions contain 5-HT-IR cells.
Successful injection sites (n = 4) included the IGL and adjacent portions of the lateral geniculate and zona incerta (Fig. 4) . All animals had similar distributions of cells throughout the DR. Cells labeled in the DR were numerous in the rostra1 two-thirds of the nucleus and sparse in the caudal DR. An estimated 47 k 10 (n = 4) dorsal raphe cells project to the IGL. Rarely was a labeled cell found in the MR, and none were found in the CLi. Approximately 38% of the labeled cells found in the DR were 5-HT-IR (Table 2, Fig. 1 ). The only retrogradely labeled 5-HT-IR non-DR cell was found in the MR.
Anterograde analysis: MR projections to the SCN and IGL Eight animals had successful injections of PHAL into the MR. In each case, PHAL-IR fibers were found in the SCN, with few or none found in the IGL (Table 3) .
In four cases, injections labeled a substantial fiber plexus in the SCN. In two cases (1 and 14) fibers were concentrated in the medial and ventral regions of the nucleus, closely resembling the normal 5-HT fiber distribution in the SCN (Fig. 5,4) . Casts 15 and 22 had more ubiquitous fibers in the SCN. Three injection sites (cases I, 15, and 22) that resulted in dense innervation of the SCN included the entire MR. The injection site in case 14 was similar, but no PHAL-IR cells were found in the rostra1 MR (Fig. 6) . This was the smallest injection site and was limited to the MR complex. The injection sites of cases 1, 15, and 22 were centered in the MR, with spread extending slightly rostra1 to include portions of the interpeduncular nucleus and, in the caudal midbrain, the ventral tcgmcntal nuclcus. Of the four animals with numerous PHAL-IR fibers in the SCN, no injection site had PHAL spread into the DR, except in case 22 in which PHAL spread into the ventral region of the caudal DR and the dorsal tegmental nucleus.
Four additional animals also had successful injections of PHAL in the MR, but only a few labeled fibers were found in the SCN of each case. Label spread did not incorporate the entire MR and may not have labeled sufficient numbers of SCN afferent cells to provide a robust PHAL-IR fiber plexus in the SCN.
The number of labeled fibers in the SCN was not related to the rostrocaudal placement of the PHAL injection site. The degree of spread into adjacent nonraphe areas was similarly unrelated to PHAL-IR fiber density in the SCN. In three cases with PHAL injections into the MR, no labeled fibers could be found in the IGL. In the remaining five animals, a few fibers were found in the more medial part of the ventral lateral geniculate (VLG) and the IGL (Fig. 5B ).
Anterograde analysis: DR projections to the SCN arid IGL Seven animals had successful injections of PHAL in the DR. In all casts, PHAL-IR fibers were found in the IGL. With one exception (case 25), none had significant numbers of labeled tibcrs in the SCN (Table 3) .
In five cases (6, 7, 12, 24, and 2Y) , tracer spread excluded the MR, and the SCN of each essentially was devoid of fibers ( Fig.  5C) . In case 23, PHAL spread into the dorsal tip of the MR but did not label any fibers in the SCN. Only case 25 had substantial label spread into the dorsal MR and PHAL-IR fibers in the SCN.
In the ventral hypothalamus, the absence of PHAL-IR fibers was specific to the SCN. PHAL-IR fibers were found in the surrounding hypothalamus and the rctrochiasmatic arca and coursing through the optic chiasm.
in the IGL, two distinctly different patterns of PHAL-IR fibers were observed, depending on the rostrocaudal placement of the tracer. In cases 7 and 24, the injection sites were ccntercd in the mid-DR, and label spread the full rostrocaudal extent of the DR (Fig. 6) . The numerous PHAL fibers that were found were distributed throughout the IGL and VLG of these brains and resembled the normal S-HT-IR distribution (case 7, Fig. 5D ). In some sections, fibers were densest in the lateral half of the IGL and VLG. In case 24, label-spread extended into the rostra1 DR only on the right side, but became distributed more bilaterally in the mid-to caudal DR, resulting in a mixed fiber distribution in the geniculate. A medial fiber group was clearly labeled (Fig. 5E ), but fibers in the lateral VLG and IGL were present only ipsilateral to the side of the spread.
The PHAL injection site was centered in the mid-to caudal DR in four cases (6, 12, 23, and 25) , and PHAL-IR fibers were found consistently in the medial half of the VLG and IGL. PHAL fibers exiting the DR ventrolaterally reach the lateral cdgc of the midbrain, at which point they ascend to more rostra1 brain regions. At the level of the LGN, fibers turn dorsally and course through the medial VLG and vIGL to enter the IGL from a vcntromcdial location.
Behavioral experiment 1
Histology DHT application to the DR significantly reduced 5-HT-IR cells in the DR group compared with the CON group (Fig. 7) (I = 3.78; y < 0.01). Similarly, ncurotoxin application to the MR caused a significant reduction of 5-HT-IR neurons in the MR group compared with the CON group ( Fig. 7) (t = 4.04;~ = 0.002).
Despite the length of this experiment and the likelihood of fiber regrowth, the SCN of four MR-DHT animals essentially remained devoid of 5-HT fibers. The SCN of two cases with incomplete lesions contained 5-HT-IR fibers. In one of these, the number of Of the four DR-DHT animals whose brains were analyzed, only one still had a complete loss of fibers in the IGL at the end of the experiment. Two animals had fibers in the IGL, but they looked abnormally thick. The remaining animal had apparently normal 5-HT-IR fibers in the IGL. This animal also had the most DR 5-HT-IR cells remaining in this group. The two MR-DHT animals whose lesions missed the MR had lesions primarily in the left DR, and no fibers remained in the left IGL. Two additional cases had MR lesions that not only destroyed the MR, but also caused bilateral damage to the fibers exiting the DR. There were no remaining fibers in the IGL in either case. In the four remaining MR-DHT animals, fibers exiting laterally from the left DR were damaged, and fibers in the left IGL were also reduced. Spread of the FG-IR along the injection needle track suggests that this damage was probably the result of neurotoxin leakage during syringe withdrawal.
Activity onset, offset, and duration DHT injections administered directly into the MR rapidly and substantially altered the hamster running-wheel pattern. In con- trast, DHT was not effective in changing circadian parameters when applied to the DR (Fig. 9) . Figure 10 summarizes the postlesion changes in activity onset, offset, and duration for all groups. Despite the robustness of these behavioral changes, the analysis is conservative because the two MR-DHT animals with missed lesions had behavior similar to that of CON animals, yet they are included for statistical purposes with the MR-DHT group (see Materials and Methods). The DR-DHT group did not differ from the CON group on any measure at any time point analyzed. Changes in activity onset and offset were significantly different between MR-DHT and CON groups (Fc,,a5) = 23.21,~ < 0.001; F (,,25) = 5.16, p < 0.04) and between MR-DHT and DR-DHT groups (Fw~) = 12.99,~ = 0.001; F(,,,,) = 7.51,~ = 0.01). As a result of earlier onsets and later offsets, MR-DHT animals had significantly longer 01 compared with that of CON (F(,,,,) = 8.35, p < 0.01) and DR-DHT groups (FC,,,,) = 9.25,~ < 0.005). These lesion effects persisted after surgery, although increased variability in activity offset rendered this measure not significant at postsurgical week 6. As a consequence, the cx of MIX-DHT animals was only marginally different at this time compared with CON (Fws) = 4.16, p = 0.05) and DHT-DR groups (F(,,,,) = 4.27, p = 0.05). Activity onset remained robustly earlier in MR- DHT animals compared with CON (F(,,,,, = 22.87, p < 0.001) and DR-DHT animals (Fc,,zs) = 16.44, p < 0.001).
The variability in activity offset increased further after animals were exposed to LL conditions. The mean changes in u from presurgical values remained nearly constant for the MR-DHT animals (Fig. 10) . The incrcascd variability in LL, however, particularly among CON and DR-DHT animals, eliminated a significant effect of trcatmcnt (Fc2,22) = 1.98, p = 0.16, ANOVA).
The running-wheel activity of one MR-DHT animal became disrupted early after transfer to LL, and an accurate measurement of 01 could not be obtained. This animal was necessarily excluded from 01 and period analysis in LL.
Circadian periodicity
Normal circadian rhythmicity of MR-DHT animals was disrupted rapidly during exposure to LL. This disruption ranged from classic "splitting" to approximate arrhythmicity (Fig. 9) . By day 25 in LL, one-third of MR-DHT animals (3 of 9) and no animals from DR-DHT or CON groups exhibited disruption in activity. On day 100 of LL, 89% (819) of MR-DHT animals, 86% (617) of DR-DHT animals, and 63% (5/8) of CON animals displayed a disruption of circadian rhythmicity. A disruption of rhythmicity more extreme than splitting was observed in a significantly greater number of MR-DHT (519) than of CON (O/8; p = 0.02, Fisher's exact probability test) or DR-DHT animals (017;~ = 0.03, Fisher's exact probability test). Survival analysis showed that the rate of disruption of normal circadian periodicity was significantly quicker in MR-DHT animals (n = 9) as compared with CON animals (n = 10; p = 0.03, Gehan's Wilcoxon Test). The DR-DHT group (n = 7) was not different from CON or MR-DHT groups on this measure (p < 0.15). A correlation analysis of all animals whose activity became disrupted in LL showed that an earlier activity onset in LD is associated with an earlier onset of this disruption (Y = 0.49; p < 0.04; II = 19).
Differences in circadian period were not evident after 10 d in LL (CON, 24.27 (20, 59 , and 61) the lesions were centered in the caudal DR. Four other cases (9,45,48, and 5 1) had lesion placement in the central region of the DR. Cases 18 and 21 had placements slightly lateral to the midline in which FG did not spread into the most lateral DR "wing" contralateral to the injection site. In case 18, the lesion was placed in the extreme caudal DR and did not include the rostra1 end of the nucleus. The precise rostrocaudal placement of the lesion was variable. The majority of the animals in both groups, however, had lesions limited to midbrain and pontine structures. Neurotoxic lesions of the MR significantly reduced the number of 5-HT-IR neurons in the MR group compared with those in the CON group (Fig. 11) (t = 13.65; p < 0.001) . DHT application to the MR caused an 87% reduction in 5-HT-IR cell number. Similarly, application of DHT to the DR significantly reduced the number of 5-HT-IR cells in the DR compared with those in the CON group (Fig. 11) (t = 6.17;~ < 0.001). DHT resulted in a 68% reduction of 5-HT-IR cells in the DR. Three casts (MR-DHT cases 42 and 43 and DR-DHT case 45) wcrc not included in the cell count analysis because brain sections processed for S-HT-IR using the monoclonal antibody were unavailable.
SHT-IR fiber distribution in the SCN and IGL
The ROD of 5-HT fibers in the SCN was significantly reduced in the MR-DHT group (Fig. 12 ) compared with the DR-DHT (Fct,z,j = 99.6,~ < 0.001) and CON groups (Fc,,27j = 9.3, p < 0.005). Animals with successful DHT lesions of the MR (13 cases) had a complete loss of 5-HT-IR fibers in the SCN (Fig. 13C) . The SCN of cases 46 and 47, which had only partial lesions, still contained 5-HT-IR fibers, although they were less numerous than in CON animals and were thick in appearance. The SCN of DR-DHT animals contained a dense 5-HT-IR fiber plexus distributed similarly to that observed in SCN of CON animals (Fig.  13B) . Interestingly, the SCN-ROD was significantly greater in and Morin l Serotonin Innervation and Modul ati on of the Ci rcadi an System Figure 5 . Dark-field photomicrograph of PHAL-IR fiber distribution in the SCN and the IGL. In case 14, a PHAL injection in the MR resulted in fibers located in the SCN (A), primarily in the ventral and medial regions of the nucleus (UMOW). Very few fibers were found in the IGL of case 14 (B). Application of PHAL to the DR of case 7 did not label fibers in the SCN (C); however, PHAL-IR fibers were found to be homogeneously distributed throughout the VLC and IGL in case 7 (0). In DR case 24 (E), PHAL-IR fibers were found in both the vlGL and the medial half of the IGL @wows), but were absent from the lateral half of the IGL (for details, see Results, Anterograde analysis). Arrowheads denote IGL boundaries and asterisks indicate optic tract. Scale bars, 100 pm.
DR-DHT animals compared with CON animals ( Fig. 12) MR cell counts did not differ between CON and DR-DHT groups.
In contrast, the number of .5-HT-IR cells in the DR did not significantly correlate with the ROD of 5-HT-IR fibers in the SCN (Y = 0.09; p = 0.65; n = 27). Innervation and Modul ati on of the Ci rcadi an System J. Neurosci., March 15, 1996, 76(6) Application of DHT to the DR greatly rcduccd S-HT-IR fibers in the IGL compared with those in CON brains (Fig. 13E) , and no DR-DHT animal had normal S-HT fiber density and distribution in the IGL. Five animals (cases 9, 45, 48, 51, and 61) had almost a complete elimination of S-HT-IR fibers in the IGL, with fewer than 10 fibers remaining. Four animals (cases 18, 20, 21, and 59) had slightly more S-HT fibers remaining, and case 67 had the most 5-HT fibers spared in the DR-DHT group.
MR-DHT animals could be divided into four categories on the basis of S-HT-IR fiber distribution in the IGL. Four animals (cases 42, 62, 64, and 66) had normal densities and distribution of 5-HT-IR fibers in the IGL, with no apparent damage of SHT-IR fibers exiting the DR (Fig. 13) . MR-DHT cases 3, 43, and 57 had unilateral depletion of S-HT fibers in the IGL and normal fibers in the contralateral IGL. The S-HT-IR fibers exiting the DR laterally wcrc unilaterally destroyed, and some DR cell loss was apparent and limited to the side ipsilateral to fiber destruction. Three additional MR-DHT cases (4, 17, and 23) had no evidence of FG spread into the DR, yet had a reduction of SHT-IR cells in the DR and fibers in the IGL. Further visual analysis of these cases rcvealcd that DHT application to the MR was associated with damaged fibers coursing both vcntrally and laterally front the DR and with ccl1 loss in the ventral and lateral regions of the DR. Three MR-DHT cases (52,56, and 58) with FG-IR in the DR had no remaining 5-HT-IR fibers in the IGL.
Activity onset, offset, and duration DHT application to the MR resulted in an advance of activity onset, a delay of activity offset, and a lengthening of cy (Fig. 14) . F@UZ Y. Examples of daily running-wheel activity of animals from experiment 1 (long-term study). Hamsters were initially housed under LDl4:10 (skadecl urecl indicates the time when lights were out) and then transferred to LL for 100 d. Animals were returned to LD14:10 before the termination of the cxpcrimcnt. LeJt, CONTROL rhythmicity was not affected by an intrdraphe vehicle injection (awowhead) during LD or LL. Middle, A DR.DHT lesion (arrowheucl) also had no effect on circadian rhythmicity under LD conditions. This animal exhibited a typical split in its activity phase after 71 d in LL. Right The three techniques also provide an internally consistent data set showing that a projection to the SCN, scrotonergic or otherwise, does not originate in the DR. The conclusion that the hamster MR, rather than the DR, projects to the SCN contradicts the prevailing view. This view has been derived largely from rat studies using anterograde autoradiographic techniques that have greater methodological variability and interpretive ditticulty than the present methods have (Conrad et al., 1974; Pierce et al., 1976; Azmitia and Scgal, 1978; Moore ct al., 1978) . In general, the pattern of serotonergic basal forebrain innervation is similar in both developing and adult rat and hamster (Steinbusch, 1981; Lidov and Molliver, 1982a,b; Wallace and Lauder, 1983; Botchkina and Morin, 1993) , making an SCN species difference unlikely. More importantly, the present hamster data are supported directly by recent PHAL analysis of rat forebrain innervation, which also failed to demonstrate a projection to the SCN by DR neurons (Vertes, 1991) . In addition, preliminary PHAL data show a projection from the rat MR to the SCN (Moga and Moore, 1994) . The present data also suggest that previously observed retrogradely labeled DR cells (Pickard, 1982; Bina et al., 1993) are the result of tracer spread outside the SCN.
Previous lesion studies from this laboratory implied a causal link between the 5-HT neuronal loss in the DR and fiber loss in the SCN (Smale et al., 1990; Morin and Blanchard, 1991a,b Neurosci., March 15, 1996, 16(6) now seems that these changes occurred because DR and SCN were damaged independently by intraventricular application of neurotoxin. The regeneration of 5-HT fibers in the SCN after intraventricular neurotoxin (Bosler et al., 1992; Morin, 1992) suggests that this method of delivery may not destroy many of the MR serotonergic cell bodies projecting to the SCN. Such an interpretation is supported by the present data showing that direct DHT application to the MR did not result in fiber regeneration in the SCN. The data also indicate the presence of relatively small numbers of SCN afferent S-HT neurons in the MR, the precise locations of which are difficult to identify across animals. Therefore, it is unlikely that previous studies using intraventricular DHT could have identified which neurons inncrvatc the SCN solely on the basis of a small number missing from the MR. Furthermore, the fact of rcgcncration after intraventriculnr DHT suggests that the critical MR neurons were disconnected from the SCN but not eliminated from the brain. The apparently small numbers of widely distributed SCN afferent neurons may also account for the large variability in PHAL-IR fibers in the SCN.
Raphe projections to the IGL A serotonergic projection to the IGL originating in the DR was demonstrated directly using complementary retrograde and anterograde techniques and is generally consistent with previous studies of the lateral geniculate complex (Pierce et al., 1976; Azmitia and Segal, 1978; Pasquier and Villar, 1982; Villar et al., 1988; Vertes, 1991; Waterhouse et al., 1993) . Moreover, the present data are in accord with reports showing that the projection to the LGN originates primarily in the rostra1 half of the DR, with little contribution from the caudal DR (Waterhouse et al., 1993) . The present study did not find regional specificity of labeled cells within the anterior DR, as described previously (Pas- quier and Villar, 1982; Villar et al., 1988; Waterhouse et al., 1993) . This may be related to the small size of the injections, which labeled fewer cells compared with those in previous reports (Villar et al., 1988; Waterhouse et al., 1993) . The present anterograde data provide evidence for innervation of the IGL by the DR via two distinct pathways, both of which are necessary for normal 5HT-IR fiber distribution in the LGN complex. One innervates the ventral IGL and the medial half of the IGL at the level of its "leaflet" configuration and is consistent with the arcuate tract described in rats (Azmitia and Segal, 1978) . A second pathway originates primarily in the rostra1 DR and innervates the lateral VLG and IGL. This pathway has an origin similar to that for the periventricular tract in the rat (Azmitia and Segal, 1978) . Although a projection to the LGN via this pathway has not been identified in the rat (Azmitia and Segal, 1978) this issue has not been investigated fully. Innervation and Modul ati on of the Ci rcadi an System J. Neurosci., March 15, 1996, 16(6) The present lesion data provide additional support for the view that the 5-HT innervation of the LGN complex originatcs in the DR (Pasquier and Villar, 1982; Villar et al., 1988) . DHT application directly to the DR eliminated 5-HT-IR fibers in the IGL. MR destruction resulted in fiber depletion in the IGL only when the fibers making a lateral exit from the DR were also destroyed. The lesion results are consistent with the failure to demonstrate MR innervation of the IGL (present data) (Azmitia and Segal, 1978; Vertes and Martin, 1988; Vaudano and Legg, 1992) .
Individual raphe neurons are known to have multiple targets (DeOlmos and Heimer, 1980; Imai et al., 1986; Villar et al., 1988; Li et al., 1993a,b; Losier and Semba, 1993) . The reduction of 5-HT-IR fibers in the IGL as a consequence of DHT application to the DR never occurred independent of a similar reduction in the VLG. Therefore, it is possible that one set of cells innervates both the IGL and other proximal structures in the visual system. This possibility cannot be excluded by the retrograde data analysis because of the difficulty in containing the tracer solely within the boundaries of the IGL. All three anatomical techniques used in the present study, however, support the view that the SCN and IGL are innervated independently by midbrain raphe neurons and as a consequence are specifically not innervated by the same serotonergic neurons.
The present data show both 5-HT and non-5-HT pathways to the SCN and IGL from the MR and the DR, respectively. Serotonergic and nonserotonergic DR projections to the rat LCJN have also been described (Villar et al., 1988) , although similar studies of the SCN have not been performed previously. Neurons in the raphe contain various neuromodulators (Nanopoulos et al., 1982; Sutin and Jacobowitz, 1988; Li et al., I990) , but their relative contribution to the projections to the SCN or IGL has not been invcstigatcd. We cannot eliminate the possibility that mcdullary raphe nuclei also innervate the SCN and the IGL. Although these nuclei, particularly the raphe magnus, may project rostrally (Bobillier et al., 1976; Peschanski and Besson, 1984; Vcrtcs, 1984; Sim and Joseph. 1992) , it is not clear that these projections are serotoncrgic (Kohler et al., 1982; Bowkcr, 1986) . Morcovcr. the use of lesions that specifically target S-HT neurons in the MR and DR attirms the conclusions suggcstcd by the prcscnt anatomical analysis.
Functional considerations Intraventricular administration of DHT inducts changes in circadian regulation of the locomotor rhythm (Smale et al., 1990; Morin and Blanchard, 1991a,b; Morin, 1992) . The present data support the view that the serotonergic neurons whose elTerents regulate circadian function are in the MR and specifically exclude a role for the DR. The changes in entrained activity after MR lesions are similar to those seen after widespread 5-HT depletion (Smale et al., 1990; Morin and Blanchard, 1991b) . In addition, only lesions of the MR could account for both the quantitative and qualitative disruption of circadian rhythmicity reported previously in S-HT-depleted animals housed in LL (Morin and Blanchard, 199 I b). The MR-DHT animals with the largest changes in LD had both the most disrupted rhythmicity in LL and the earliest onset of disruption, suggesting that the MR modulates circadian behavior in both LD and LL. The extreme types of noncircadian behavior seen after MR (present data) or general S-HT depletion (Morin and Blanchard, I99lb) wcrc never seen in either CON or DR-DHT animals.
The foregoing indicates the substantial similarity between the consequences of general brain depletion of S-HT and the MRtargctcd depletion; however. two differences remain and require further explanation. In hamsters given intraventricular DHT, the activity phase remains expanded, and the circadian period is greatly lengthened in LL. In the present study, the activity phase of MR-DHT animals remained expanded and very similar to that seen during LDl4:lO but was not significantly diferent from that in CON animals. The large variability in activity offset during LL in the present study may account for this lack of difference. The failure to find an increase in circadian period by MR-DHT animals may be related simply to the necessity of measuring period after only 10 d in LL.
It is important to emphasize that DHT application to the MR results in the depletion of 5-HT i n all MR target nuclei. Because these lesions directly affect the circadian timing system, we conclude that behavioral changes arc likely to bc the result of S-HT and Morin l Serotonin Innervation and Modul ati on of the Ci rcadi an System depletion in the SCN. A direct test of this hypothesis has not been conducted, and the possible contribution of other MR-recipient nuclei to the several circadian rhythm changes cannot yet be excluded.
There is no established function of the serotonergic DR projection to the IGL. The IGL has been implicated as a possible pathway through which activity or a correlate thereof may influence the circadian clock (Wickland and Turek, 19Y4) . Phase shifts to nonphotic stimuli, the effects of which have been proposed to be mediated by activity feedback onto the clock (Turek, 1989; Van Reeth and Turek, 1989; Wickland and Turek, 1991; Van Reeth et al., 1993) , are eliminated by lesions of the IGL (Johnson et al., 1989; Janik and Mrosovsky, 1994; Wickland and Turek, 1994) . Recently, we found that global 5-HT depletion dramatically reduces the induction of acute activity associated with both novel wheel access and triazolam but does not block phase shifts to these stimuli (Meyer and Morin, 1995) . Because the DR is rich in benzodiazepine receptors (Michels et al., 1990) , the projection from the DR to the IGL may indeed have a role in mediating these phase shifts, but 5-HT does not seem to be necessary for their induction.
In summary, the present data provide extensive anatomical evidence establishing that the MR, but not the DR, projects to the SCN. A serotonergic projection from the MR mediates circadian rhythmicity in both LD and LL conditions. The present experiments also demonstrate a serotonergic projection from the DR to the IGL, the function of which has yet to be elucidated.
